Bound energy levels and properties of the Cl( 2 P)-HF complex were obtained from full three-dimensional (3D) calculations, with the use of the ab initio computed diabatic potential surfaces from the preceding paper and the inclusion of spin-orbit coupling. For a better understanding of the dynamics of this complex we also computed a 2D model in which the HF bond length r was frozen at the vibrationally averaged values r 0 and r 1 and a 2 + 1D model in which the 3D potentials were averaged over the V HF ) 0 and V HF ) 1 vibrational wave functions of free HF. Also 1D calculations were made in which both r and the Cl-HF distance R were frozen. The complex is found to have the linear hydrogen bonded Cl-HF structure, with ground-state quantum numbers J ) 3 / 2 for the overall angular momentum and |Ω| ) 3 / 2 for its projection on the intermolecular axis R. The binding energy is D 0 ) 432.25 cm -1 for V HF ) 0 and D 0 ) 497.21 cm -1 for V HF ) 1. Bending modes with |Ω| ) 1 / 2 and |Ω| ) 5 / 2 are split by the Renner-Teller effect, since the electronic ground state is a degenerate 2 Π state. A series of intermolecular (R) stretch modes was identified. Rotational constants and e-f parity splittings were extracted from the levels computed for J ) 1 / 2 to 7 / 2 . The computed red shift of the HF stretch frequency of 64.96 cm -1 and the 35 Cl-37 Cl isotope shift of 0.033 cm -1 are in good agreement with the values of 68.77 and 0.035 cm -1 obtained from the recent experiment of Merritt et al. (Phys. Chem. Chem. Phys. 2005, 7, 67), after correction for the effect of the He nanodroplet matrix in which they were measured.
Introduction
The important role of van der Waals complexes occurring in the entrance and exit valleys of chemical reactions has been demonstrated on several examples. [1] [2] [3] [4] [5] [6] The complex Cl( 2 P)-HF that occurs in the entrance channel of the reaction Cl + HF f F + HCl was recently prepared in helium nanodroplets and studied by high-resolution infrared laser spectroscopy. 7 The preceding paper 8 describes the ab initio calculation and analytic representation of the full 3 × 3 matrix of diabatic potentials required to compute the bound states of this complex with the inclusion of the nonadiabatic Renner-Teller coupling. The diabatic electronic states of the complex correlate with the 2 P ground state of the Cl atom. In the present paper we use these potential surfaces, and include the spin-orbit coupling on the Cl( 2 P) atom, to actually compute the Cl-HF bound states. All of the three internal degrees of freedom of Cl-HF were included in the calculations, but we also made one-and two-dimensional model calculations in order to elucidate the underlying dynamics. We discuss the bound state properties, and compare our theoretical results with the spectroscopic data, to verify that the potential surfaces from ref 8 are indeed accurate.
Bound State Calculations
The method to compute the bound states of open-shell atomclosed-shell diatom complexes of this type originates in work by Alexander 9 and by Dubernet and Hutson. 10, 11 It is outlined in detail in ref 12 . Reference 13 (see also the erratum 14 ) gives results for the complex Cl( 2 P)-HCl, which is similar to the Cl( 2 P)-HF complex considered here. Still, as we show below, the properties of these two complexes are actually quite different. The theory in the previous papers 12, 13 concerns two internal degrees of freedom; the HX bond length was frozen. Here, we perform full three-dimensional calculations with the Jacobi vectors R, the vector that points from the Cl nucleus to the center-of-mass of HF, and r, the vector that points from the H to the F nucleus, as dynamical variables. The internal coordinates varied are R, the length of R, r the HF bond length, and θ, the angle between r and R. The Hamiltonian in a body-fixed (BF) frame with its z-axis along R and r in the xz-plane is where µ AB is the reduced mass of the complex Cl-HF. The HF monomer Hamiltonian is and µ B is the HF diatom reduced mass. The diatom potential V HF (r) was obtained from the spectroscopic data of Lonardo and Douglas 15 by the Rydberg-Klein-Rees (RKR) procedure. [16] [17] [18] [19] The operators λ and Ŝ represent the orbital and spin angular momenta of the Cl( 2 P) atom, respectively, and the atomic quantum numbers are λ ) 1 and S ) 1 / 2 . The operator ĵ A ) λ + Ŝ represents the total electronic angular momentum of the Cl atom, while ĵ B is the rotational angular momentum of the diatom, and Ĵ is the total angular momentum of the complex. † 
The splitting between the spin-orbit states of the Cl atom is D SO ) E( 2 P 1/2 ) -E( 2 P 3/2 ) ) 882.4 cm -1 . We assume that the spin-orbit coupling in the open-shell Cl( 2 P) atom is not affected by the relatively weak interaction with the HF molecule, so that we may use the atomic spin-orbit parameter A ) -(2/3)D SO as a constant in eq 1. The 3 × 3 matrix of diabatic potentials V µ,µ′ (λ) (R,r,θ) that couple the diabatic states |λ,µ〉 with projection µ ) -1, 0, 1 on the z-axis was computed and described in ref 8 . These interaction potentials are represented by the expansion where C l,m (θ,0) are Racah normalized spherical harmonics and the expansion coefficients V lB (λ)µ′,µ (R,r) are given as functions of R and r by the reproducing kernel Hilbert space (RKHS) method; 20 see ref 8 .
The basis to represent and diagonalize the Hamiltonian of eq 1 was the same as used for Cl-HCl in ref 13 , except that we also need a basis for the coordinate r≡r HF now. This basis |n r 〉 ≡ nr (r) consists of contracted sinc-DVR functions, 21 with contraction coefficients chosen such that the functions nr (r) are eigenfunctions with j B ) 0 of a reference Hamiltonian Ĥ HF + V extra (r). The additional potential V extra (r) is a scaled cut of the diabatic Cl-HF potential V 1,1 (R,r,θ) with θ and R fixed at their equilibrium values θ e ) 0°and R e ) 6.217 a 0 . Its scaling factor of 0.7 was optimized by minimization of the groundstate energy of the Cl-HF complex in three-dimensional calculations. This is similar to the procedure used for the generation of the radial basis |n R 〉 ≡ nR (R), where we used the isotropic component V 0 (λ)0,0 (R,r e ) of the diabatic Cl-HF potential V 0,0 (R,r e ,θ) in the reference Hamiltonian. The HF bond length was fixed at the monomer equilibrium value r e ) 1.7328 a 0 . Here, because the radial Cl-HF potential is much shallower than the HF potential, we added a term V extra (R) linear in R in order to include the effect of continuum wave functions in the bound state basis. Also the slope of 175 cm -1 /a 0 of this linear term is optimized by minimization of the ground-state energy of the Cl-HF complex.
Because of the large spin-orbit coupling in the Cl( 2 P) atom it is most convenient for the interpretation of the results to use a coupled atomic basis set for which the spin-orbit term λ‚Ŝ ) (ĵ A 2 -λ 2 -Ŝ 2 )/2 in the Hamiltonian is diagonal. The expression 〈λ,µ;S,σ|j A ,ω A 〉 is a Clebsch-Gordan coefficient. Since λ ) 1 and S ) 1 / 2 , one finds that j A ) 1 / 2 and 3 / 2 .
The complete BF basis has the following form where Y jB,ωB (θ,0) are spherical harmonics, and D M,Ω (J) (R, ,φ)* are symmetric rotor functions. The Euler angles (R, ,φ) determine the orientation of the BF frame with respect to a space-fixed laboratory frame. The overall normalization factor differs from the normalization constant of [(2J + 1)/8π 2 ] 1/2 of the symmetric rotor functions by a factor of [2π] 1/2 . This factor is the normalization constant of the spherical harmonics Y jB,ωB (θ,0) with the azimuthal angle fixed at the value of zero. The components of angular momentum on the BF z-axis obey the relation Ω ) ω A + ω B . They are approximate quantum numbers. Exact quantum numbers are J, M, and the parity p of the states of the complex under inversion. A parity-adapted basis has the form We remind the reader that ω A and Ω adopt half-integer values only, so they cannot be equal to zero and the normalization factor of 1/ 2 in eq 6 holds for all basis functions. In the sequel we use the spectroscopic parity defined by ) p(-1) J-S . States with ) 1 and ) -1 are labeled e and f, respectively.
In addition to the full 3D-calculations we also made onedimensional (1D) and two-dimensional (2D and 2 + 1D) calculations. The 1D calculations were performed by fixing r at r e ) 1.7328 a 0 ) 0.9170 Å and fixing R for a series of R values ranging from 2.5 to 5.0 Å. For the HF rotational constant we chose B V)0 ) 20.5598 cm -1 . These calculations were mainly intended to better understand the hindered internal rotation of the HF monomer and the coupling of the diabatic electronic states.
The 2D calculations were made with the basis |n R 〉|j A ,ω A ,j B ,ω B ,Ω,J,M〉, while the r coordinate was frozen either at the HF equilibrium value r e ) 0.9170 Å, or at one of the vibrationally averaged values, 〈r〉 0 ) 0.9326 Å or 〈r〉 1 ) 0.9649 Å, depending on the HF vibrational state V HF ) 0 or V HF ) 1 that we wish to consider. In the 2D calculations with r ) r e and r ) r 0 , we used the HF rotational constant B 0 ) 20.5598 cm -1 , while B 1 ) 19.7855 cm -1 was taken in the 2D calculation with r ) r 1 . In the treatment called 2 + 1D we averaged the full 3D diabatic potentials over the vibrational wave functions of HF with V HF ) 0 and V HF ) 1. This is equivalent to the use of the full 3D basis with n r restricted to the values n r ) 0 or n r ) 1, with the condition that the basis functions |n r 〉 are eigenfunctions of the bare HF Hamiltonian Ĥ HF . That is, the potential V extra (r) added in the generation of the contracted sinc-DVR basis |n r 〉 must be omitted here. The 1D calculations were made with the basis |j A ,ω A ,j B ,ω B ,Ω,J,M〉.
The 3D bound states were obtained from a full diagonalization of the Hamiltonian matrix for J ) 1 / 2 and 3 / 2 . The basis |n R 〉 is included with n R max ) 13, the basis |n R 〉 is included with n r max ) 6, and the quantum number j B in the angular basis has a maximum value of 13. Convergence tests have shown that the increase of n R max from 13 to 14 gives a lowering of the relevant energy levels smaller than 10 -3 cm -1 , the increase of n r max from 6 to 7 a lowering of less than 10 -5 cm -1 , and the increase of j B max from 13 to 14 also a lowering of less than 10 -5 cm -1 . The same value j B max ) 13 was used in the 1D, 2D, and 2 + 1D calculations and the R basis in the 2D and 2 + 1D calculations was truncated at n R max ) 13 as well. Full 3D calculations for J values higher than 3 / 2 were not performed because they are quite expensive, but the 2D and 2 + 1D calculations were carried out for J values up to 7 / 2 .
Results and Discussion

Diabatic and Adiabatic Potentials
Including SpinOrbit Coupling. For a better understanding of the bound states of the Cl( 2 P)-HF complex, it is useful to consider diabatic and adiabatic energy surfaces including the large spin-orbit coupling. Diabatic states |j A ω A 〉 including spin-orbit coupling are defined which correlate to the atomic states of the 6 × 6 matrix with the spin-orbit coupling included diabats, or alternatively, by the diagonalization of a complex valued 3 × 3 matrix. 22 The lowest adiabatic potential including spin-orbit coupling plotted in Figure 2 is not very different from the lowest adiabat V 1 (A′) without spin-orbit coupling, see Figure 2 of ref 8, but the local minimum for a nonlinear geometry is almost absent now. This situation is very different from the Cl-HCl case, 13, 14 where the |ω A | ) 1 / 2 diabat has a pronounced minimum at the T-shaped geometry and the lowest adiabat with spin-orbit coupling included has two minima of nearly equal depth at θ ) 0°and θ≈90°. We will show below that this has important consequences for the characteristics of these complexes.
1D
Calculations. The 1D calculations were made for R values ranging from 2.5 to 5.5 Å in steps of 0.05 Å with r fixed ) relative to the ground Cl ( 2 P3/2) state. at the HF equilibrium bond length r e ) 0.9170 Å. They result in the energies curves plotted in Figure 3 for J ) 1 / 2 and 3 / 2 . The lowest curve corresponds to J ) 3 / 2 . The second lowest curve has J ) 1 / 2 , and nearly coincides with the second J ) 3 / 2 curve. This already indicates that |Ω| is a nearly good quantum number, with the lowest curve corresponding to |Ω| ) 3 / 2 and the next two curves to |Ω| ) 1 / 2 . The very small energy difference between the |Ω| ) 1 / 2 curves for J ) 1 / 2 and J ) 3 / 2 is from the end-over-end rotation of the complex. In contrast with the Cl-HCl case 13, 14 all minima occur for approximately the same value of R ≈ 3.3 Å. This value of R is close to the R e value of the linear Cl-HF minimum in the lowest diabat with j A ) |ω A | ) 3 / 2 , which is also the minimum in the lowest adiabat. We will see below that this indicates that all the lower bound states are localized near a single linear equilibrium geometry of Cl-HF.
3.3. 2D Calculations. Let us first discuss how well the models 2D and 2 + 1D agree with the full 3D results. An overview of the D 0 values from different models is given in Table 1 , together with the relevant D e and R e values. We observe in the 2D results with r 0 and r 1 , and from the comparison of these results with those of 2D calculations at r ) r e , that a change of the (fixed) value of r has a large effect on both D e and D 0 . This is not surprising, given the strong increase of the well depth D e in the 3D potential when r is increased; see Table 2 of ref 8 . There is also a substantial difference between the results from the models 2D and 2 + 1D. It is clear from Table 1 that model 2 + 1D gives results that are much closer to the full 3D results than model 2D. Actually, the difference between model 2 + 1D and the 3D calculations is considerably smaller than the difference among the models 2 + 1D and 2D. A similar conclusion was reached by Jeziorska et al. 23 in a study on the more weakly bound closed-shell Ar-HF complex, but the deviations between the different models 2D and 2 + 1D and the 3D model are much more pronounced for Cl-HF. Table 2 lists the rovibronic levels for J ) 1 / 2 , 3 / 2 , 5 / 2 , and 7 / 2 , from model 2 + 1D, with the 3D potentials averaged over the V ) 0 wave functions of HF. Table 3 contains the parity splittings between the levels of e and f symmetry. As |Ω| is a nearly good quantum number the energy levels in Table 2 are sorted according to their |Ω| values. Values in the same row for increasing J g |Ω| clearly correspond to end-over-end rotational progressions of the same internal state. The approximate quantum numbers |ω A | and |ω B | were obtained from an analysis of the wave functions. They are assigned only when the value indicated for each quantum number has a probability of at least 60%. The bending and intermolecular (R) stretch quantum numbers V b and V s of the complex were determined from contour plots of the density distributions as shown in Figure 4 and are based on counting the nodes in these plots.
In Table 2 , one can see that the ground state of the complex with energy E ) -429.55 cm -1 has J ) 3 / 2 and |Ω| ) 3 / 2 and is dominated by the diabatic state with j A ) |ω A | ) 3 / 2 . The bend mode is not excited and ω B ) 0. In Figure 4a , one observes that this ground state is localized near the global minimum in the j A ) |ω A | ) 3 / 2 diabat at the linear Cl-HF structure; see Figure 1a . In similar plots, we could verify that the series of higher levels in Table 2 with the same electronic and angular quantum numbers as the ground state and increasing values of V s correspond to a clear intermolecular stretch progression up to V s ) 7 inclusive. Figure 4b is the plot for V s ) 1; plots of the levels with higher V s are not shown. Figure 4c shows one of the higher states for which no approximate quantum numbers other than |Ω| ) 3 / 2 could be assigned. It is delocalized over a wide range of the bending angle θ.
In contrast with the Cl-HCl complex, 13, 14 where the lowest levels with |Ω| ) 1 / 2 correspond to a T-shaped "isomer", the levels for |Ω| ) 1 / 2 in Cl-HF are clearly bend fundamental V b ) 1 excited levels of a linear complex; see Figure 4d . The quantum number |ω B | ) 1 represents the vibrational angular momentum of this bend mode. Also Figure 3 confirms this picture; the lowest curve with J ) |Ω| ) 1 / 2 has nearly the same radial minimum as the ground state, whereas for ClHCl, 13, 14 the corresponding curve has a minimum at a much smaller value of R, indicative of a T-shaped structure. Figure  4e shows the first bend-stretch combination state of Cl-HF with V b ) 1 and V s ) 1. The next state with |Ω| ) 1 / 2 , shown in Figure 4f is delocalized and does not have any well-defined bend or stretch quantum numbers.
The parity splitting E f -E e of the |Ω| ) 1 / 2 levels in Table  3 increases linearly with J + 1 / 2 , as is customary in linear openshell triatomic molecules. 24 In our calculations, it originates from off-diagonal Coriolis coupling terms in the Hamiltonian of eq 1 containing the shift operators J + and J -that couple basis functions with Ω ) ( 1 / 2 . Also the fact that the splitting is smaller by several orders of magnitude for the |Ω| ) 3 / 2 levels is commonly observed in such systems. It can be understood from the fact that functions with Ω ) ( 3 / 2 can only be coupled indirectly.
The levels obtained from the 2 + 1D model with the 3D potentials averaged over the V ) 1 wave functions of HF are shown in Table 4 , and the corresponding parity splittings are shown in Table 5 . The different characteristics of the Cl-HF complex in the V ) 0 and V ) 1 states of the HF stretch vibration will be discussed in the next section. Tables 2 and 3 are from full 3D calculations. One observes that the levels and splittings from the 2 + 1D model agree quite well with the 3D results: not only the D 0 values but also the excited bound levels. The same observation holds for the calculated levels of Cl-HF with the HF stretch vibration excited; see Tables 4 and 5 . It was not hard to recognize the levels that correspond to V HF ) 1 in the 3D calculations, because the V HF ) 1 character is conserved to a large extent in the Cl-HF complex. Also, the expectation value of r over the 3D wave functions has not increased much with respect to free HF: it is 0.9358 and 0.9693 Å in the V HF ) 0 and V HF ) 1 states, respectively, while the corresponding values for free HF are 0.9326 and 0.9649 Å. Hence, the reaction Cl + HF f HCl + F has not started yet. This is probably a consequence of the fact that this reaction is endothermic and has a high activation energy barrier.
3D Calculations and Spectroscopic Properties. The numbers given in parentheses in
Starting from the ground level with J ) 3 / 2 and |Ω| ) 3 / 2 we could identify an intermolecular stretch progression with quantum numbers up to V s ) 7. A fit of this progression to the usual formula with anharmonic corrections after first removing the parity splittings by averaging the energies over the states of parities e and f yields the spectroscopic parameters listed in Table 6 . We saw already in Table 1 that D 0 is considerably increased when the HF stretch is excited, V HF ) 0 f 1. We see now that also the intermolecular stretch frequency increases, from 91.0 to 97.1 cm -1 . Similar, but shorter, stretch progressions are found for the bend excited levels with |Ω| ) 1 / 2 and |Ω| ) 5 / 2 . The bend mode itself will be addressed in section 3.5, where we discuss the Renner-Teller effects. Table 2 .
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From the series of levels computed for J ) 1 / 2 to 7 / 2 with the 2 + 1D model one can extract a rotational constant B and a distortion constant D by a fit to the linear molecule expression Again, we first removed the parity splittings by averaging the energies over the states of parities e and f. The values are included in Table 6 . The rotational constant B increases from 0.1188 to 0.1207 cm -1 when the HF stretch is excited, in agreement with the finding that the complex is more strongly bound and has a smaller R e value for V HF ) 1 than for V HF ) 0.
The amount by which the HF stretch frequency in the Cl-HF complex is red-shifted from the free HF value of 3961.2 cm -1 is shown in Table 7 . The results refer to the levels of e parity, but the results for f parity are practically the same. The value from the 2D model is substantially lower than the full 3D value of 64.96 cm -1 , but the 2 + 1D model underestimates the 3D value by only 1.41 cm -1 . Apparently, the origin of the red shift is not so much the dynamical coupling between the HF stretch mode and the intermolecular modes, but rather the fact that the Cl-HF binding energy D 0 is much larger for V HF ) 1 than for V HF ) 0. This red shift was measured by Merritt et al. 7 for Cl-HF prepared in cold He nanoclusters. The experimental value is 73.69 cm -1 . We may correct this value for the He matrix effect by using the red shifts of HF-HF, which were observed both in the gas phase and in He clusters. 25 The red shift of the stretch frequency of the donor HF molecule in the dimer is 93.26 cm -1 in the gas phase and 99.39 cm -1 in He clusters, the corresponding shifts of the acceptor HF molecule are 30.45 and 33.48 cm -1 . Linear interpolation of the frequency shift ∆ν between these values with the formula and the Cl-HF red shift of 73.69 cm -1 measured in He gives an estimate of the matrix shift ∆ν cluster -∆ν gas for Cl-HF of 4.92 cm -1 . Use of the values measured for the HCN-HCN dimer 26 would produce a similar matrix shift. With the inclusion of this estimated matrix effect the experimental red shift in gasphase Cl-HF is 68.77 cm -1 , in quite good agreement with our best 3D calculated value of 64.96 cm -1 .
Actually, all lines in the experimental spectrum are doublets, caused by the fact that for Cl two isotopes, 35 Cl and 37 Cl, exist in natural abundances of about 3 to 1. All the lines assigned to 37 Cl-HF are lower in frequency by 0.038 cm -1 than the lines due to 35 Cl-HF. With a similar correction for the He matrix effect as applied to the red shift, we estimate the isotope shift in the gas phase to be 0.035 cm -1 . Harmonic ab initio calculations 7 completely failed to reproduce this isotope effect; they gave a shift smaller than 10 -4 cm -1 . We performed all a Energies are given in cm -1 relative to the energy of Cl( 2 P3/2) and HF (V ) 1). The numbers in parentheses are from 3D calculations. 27 of case 1a, 28 because (in the absence of spin-orbit coupling) it has a 2-fold degenerate electronic ground state of Π symmetry and the bending potential is nearly quadratic in the bend angle. To characterize such systems it is customary following Renner 27 to introduce the quantum number K, which corresponds to the sum of the electronic orbital angular momentum Λ and the vibrational angular momentum l of the bending mode of a linear triatomic system. In our treatment, which includes the full range of angles θ, the relevant electronic angular momentum quantum number is µ, with the values µ ) ( 1 in the diabatic states that dominate the ground-state wave function localized near the linear Cl-HF minimum. The vibrational angular momentum l is given by ω B . Hence, the Renner-Teller quantum number K is given by K ) µ + ω B , which can also be written as K ) Ω -Σ ) ω A + ω B -Σ, where Σ ) ( 1 / 2 is the component of the spin S on the intermolecular z-axis R. The quantum number that is commonly denoted by P corresponds to Ω in our case. The ground state with |Ω| ) 3 / 2 corresponds to |K| ) 1; i.e., in the RennerTeller notation, 29 it can be written as 2S+1 K |P| ) 2 Π 3/2 . The same term symbol holds for the accompanying intermolecular stretch progression with V s ranging from 0 to 7. Most interesting are the bend excited states with V b ) 1 and vibrational angular momentum ω B ) ( 1. They give rise to a bend fundamental with |Ω| ) 1 / 2 denoted by 2 Σ 1/2 and a bend fundamental with |Ω| ) 5 / 2 denoted by 2 ∆ 5/2 . Both these bend modes are indeed observed, see Table 2 , with accompanying bend-stretch combination progressions ranging from V s ) 0 to 1 for the 2 Σ 1/2 levels and from V s ) 0 to 4 for the 2 ∆ 5/2 levels. The fundamental bend frequency for the 2 We may compare our set of levels to the energy level diagram of a 2 Π triatomic linear molecule shown in Herzberg's book, 29 Figure 8 of section I.2. This diagram correlates the energy levels obtained from a full calculation with the levels obtained when either the Renner-Teller interaction or the spin-orbit coupling is set to zero. Herzberg's "full" treatment includes the bending mode only and it defines the Renner-Teller interaction parameter as the ratio of the harmonic force constants of the coupling or difference potential V 1,-1 ) [V(A′′) -V 1 (A′)]/2 at the linear geometry and the diagonal or sum potential 2V 1,1 ) V 1 (A′) + V(A′′). The corresponding set of levels from our calculation is listed in Table 2 . Note that the bend quantum number V b in our notation, is denoted as V 2 in Herzberg's figure. In Herzberg's figure the levels of the same |K| with the larger |P| are higher than the levels with smaller |P|, whereas in our case the levels with the larger |P| are lower. The reason for this reversed order is that our spin-orbit constant A has a negative value, while Herzberg's is positive. In that sense, the Cl-HF results may be compared with the level pattern of another Renner-Teller system, He-HF + , calculated in our group earlier 30 (see Figures  4 and 5 of that reference). However, the absolute value of 588.1 cm -1 of the spin-orbit parameter A is so large that the upper levels of the spin-orbit doublets in Cl-HF (such as the 2 Π 1/2 level that is spin-orbit excited from the ground 2 Π 3/2 level) are not bound anymore. Otherwise, the levels from our calculations follow the pattern of the levels in Herzberg's picture of a typical Renner-Teller system.
E(J)
The substantial splitting between the 2 Σ 1/2 and 2 ∆ 5/2 levels that correspond to the same V b ) 1 bend fundamental is caused by the Renner-Teller interaction (parametrized in Herzberg's treatment by ), which in our case is represented by the offdiagonal diabatic potential V 1,-1 . In the work on He-HF +30 it was shown, however, that this splitting does not disappear even when the coupling potential V 1,-1 is switched off. This is a fundamental deviation from Herzberg's model, which was shown in ref 30 to be due to the fact that the bending motion is treated in our work as a hindered rotation rather than a harmonic vibration as in Renner's work.
Conclusion
The preceding paper (ref 8) presents the full 3 × 3 matrix of diabatic potential surfaces that correlate with the 2 P state of the Cl atom. With the use of these potentials and the inclusion of spin-orbit coupling we computed bound energy levels and properties of the Cl( 2 P)-HF complex in full three-dimensional (3D) calculations. Dynamical variables are the Jacobi coordinates: the distance R between Cl and the HF center of mass, the HF bond length r, and the angle θ between the Cl-HF axis R and the HF axis. We also made 2D calculations in which the HF bond length r was frozen at the vibrationally averaged values r 0 and r 1 and 2 + 1D calculations in which the 3D potentials were averaged over the V ) 0 and V ) 1 vibrational wave functions of free HF. Furthermore, we performed 2D calculations for r frozen at the HF equilibrium value r e and 1D calculations in which both r and the Cl-HF distance R were frozen. Together, these calculations provided a clear picture of the dynamics of the Cl-HF complex.
The complex is found to have the linear hydrogen bonded Cl-HF structure corresponding to the global minimum in both the diagonal diabatic and the adiabatic potential surfaces, with ground-state quantum numbers J ) 3 / 2 and |Ω| ) 3 / 2 and correlating with the 2 P 3/2 ground state of the Cl atom. The bend fundamental with V b ) 1 and vibrational angular momentum ω B ) ( 1, interacting with the electronic 2 Π ground state with µ ) ( 1, produces levels with |Ω| ) 1 / 2 and |Ω| ) 5 / 2 that are split: the Renner-Teller effect. A series of intermolecular (R) stretch modes was identified and fitted to a Dunham expansion, both for the ground state and for the levels with the HF stretch mode excited. From the levels computed for J ) 1 / 2 to 7 / 2 we extracted rotational and distortion constants, as well as e-f parity splittings. The Cl-HF bond, with D 0 ) 432.25 cm -1 for V HF ) 0 and D 0 ) 497.21 cm -1 for V HF ) 1, is considerably strengthened when the HF stretch is excited. The computed red shift of the HF stretch frequency of 64.96 cm -1 and the 35 Cl-37 Cl isotope shift of 0.033 cm -1 are in good agreement with the values of 68.77 and 0.035 cm -1 obtained from the recent experiment of Merritt et al. 7 after correction for the effect of the He nanodroplet matrix in which they were measured.
